Abstract
Otoliths are calcified structures in the head of fish that record environmental information about fish's life history. Gathering the elemental information from the core of an otolith corresponding to the juvenile period of fish's life is critical to discriminate the adult fish to their natal habitats reliably. A high resolution micromill has been used to isolate the otolith core from a whole otolith for elemental analysis. The effects of micromilling procedures (e.g., sectioning, embedding and drilling) on contamination to otolith trace element levels were examined using paired blackfin tuna (Thunnus atlanticus) otoliths. Otoliths were decontaminated by dilute hydrogen peroxide and nitric acid throughout to remove surface contamination. A preconcentration procedure was used to determine the trace elements from the small core material by ICP-MS. It was found that micromilling procedures introduce significant contamination to otoliths, especially for Al, Cu, Pb and Zn. The sectioning procedure caused significant contamination for Co and Cu, while the embedding procedure resulted in contamination for nearly all trace elements (Al, Cd, Co, Cu, Ga, Mn, Ni, Pb, V, and Zn). The combined sectioning, embedding and drilling procedure also resulted in contamination for most trace elements. Despite the contamination across all procedural steps, the decontamination procedure effectively removed the surface contamination with the exception of Pb and Zn. Bias (e.g., residual contamination) on Pb was small in comparison to overall concentration of Pb expected to occur in fish otoliths, therefore, its effect may be minor in discriminating individuals. Bias on Zn was larger that could limit its application in discriminating individuals.
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Introduction
Otolith chemical composition has been a particularly valuable tool for marine and fishery ecologists in understanding the spatial ecology of marine fish (Edmonds et al., 1991 (Edmonds et al., , 1992 Campana and Thorrold, 2001; Thorrold et al., 2001; Gillanders, 2002; Kraus and Secor, 2005) . A principal application of otolith microchemistry is to assign widely distributed adults to their natal nursery habitats using otoliths as birth certificates (Secor, 2004) or natural tags (Campana, 2000) . Classification accuracy using otolith microchemistry is moderate and often ranges between 60 and 80% (Forrester and Swearer, 2002; Secor et al., 2002; Rooker et al., 2003; Patterson et al., 2004; Arslan and Secor, 2005; Swan et al., 2006) . Such classification rates show promise, but are often insufficient for intended applications. Curtailed classifications are in part due to analytical issues associated with the quadrupole inductively coupled plasma mass spectrometry (ICP-MS) which is the most commonly utilized technique for otolith microchemical analysis. ICP-MS is advantageous because of its high sensitivity, multi-element analysis capability, and high sample throughput (Campana, 1999; Thresher, 1999) . For trace elements at picogram or nanogram per gram levels in otoliths, accurate determination is, however, hindered by insufficient detection limits, contamination, and spectral and non-spectral interferences from otolith matrix. Separation/preconcentration approaches have proved to be powerful means to overcome such issues in analysis of fish otolith by ICP-MS Paulson, 2002, 2003; Arslan and Secor, 2005) .
Classifying adult fish to natal habitats requires isolating the otolith material associated with juvenile stage of the fish's life, so-called the "core" of otolith. Probe-based techniques, including laser ablation ICP-MS, electron probe microanalysis (EPMA) and micro-proton induced X-ray emission (micro-PIXE) are commonly used. Among these techniques, laser ablation ICP-MS is a powerful technique as it combines spot ablation feature of laser with high sensitivity of ICP-MS (Thresher, 1999; Thorrold et al., 2001; Arai and Hirata, 2006; Aria et al., 2007) . However, laser ablation ICP-MS suffers from issues of calibration, ablation, fractionation and sample transport. Other techniques (e.g., EPMA and micro-PIXE) lack the sensitivity required for accurate detection of trace elements, such as Cd, Cu, Pb and Zn, which are usually present in otoliths at sub-ng/g levels (Thresher, 1999, Arai and Hirata, 2006) . As an alternative, high resolution micromilling affords powerful tool to extract the temporal information from otoliths for quantitative analysis by conventional bulk solution ICP-MS (Wurster et al., 1999) .
While isolation of the otolith core is now feasible, accurate detection of the small differences in trace element concentrations from tiny otolith core is limited by the detection capability of ICP-MS and contamination issues during the core isolation process. Micromill sampling has been successfully applied to the measurement of stable isotopes of δ 13 C and δ 18 O from otoliths of various fish (Hoie et al., 2004; Rooker and Secor, 2004; Hoie and Folkvord, 2006) , but there is no information to date regarding the performance of the technique for trace elements. In this study, we utilized a high-resolution micromill sampling technique and analyzed the otoliths of blackfin tuna (Thunnus atlanticus) for trace transition elements and heavy metals by ICP-MS with the aid of a solid phase preconcentration method. The objective of the study was a) to investigate the contamination, accuracy and precision issues to otolith trace element measures from micromilling protocols, and consequently b) to determine the utility of the elemental information gathered from micromilled (cored) otolith to discriminate among individuals.
Materials and methods

Otolith samples
Sagittal otolith pairs were extracted from blackfin tuna (69-84 curved fork length)
collected by angling from Texas Gulf of Mexico waters during February-March, 2002 . No effort was made to use clean procedures in extraction. Adhering tissue was removed in the field and otoliths were stored dry until further processing.
Core isolation procedure
Isolation of the core from otolith was performed using a Mercantek Micromill which consists of a microscope and imaging system, an automated stage controlled precisely by computer software, and a tungsten milling drill embedded in the nose piece of the microscope. Prior to milling, sagittal otoliths were first embedded in epoxy resin and then sectioned using a low speed Isomet saw to obtain a 2 mm transverse section through the core.
This section was glued to a thin plastic block with thermoplastic glue and then attached to the microscope stage of the micromill system. The intervening plastic block beneath the sectioned otolith allowed the drill to completely transverse the otolith without striking the stage. Following attachment to the microscope stage, the portion of the otolith corresponding to the first year of life was identified (via measurements from sectioned otoliths of yearling bluefin tuna), and the drill path was programmed into the micromill system. Approximately 20 passes were made at 30 microns depth per path to completely isolate the core of the 6 otolith ( Fig. 1 ). The cored material (a prism of intact material) was then removed carefully from the section using forceps and stored in a plastic vial for analysis.
Otolith decontamination procedure
According to trial specifications ( Fig. 2) , sagittal otoliths were rigorously decontaminated to remove surface contamination. This was performed by sequential treatment of pairs separately with H 2 O 2 and HNO 3 . First, otoliths were soaked in deionized water to hydrate the surface of the sample. Next the otoliths were soaked in 3% H 2 O 2 for 5 min to dissolve any biological residue. They were then immersed for 5 min in 1% v/v HNO 3 acid to remove surface contamination, and then flooded with deionized water for 5 min to remove the acid.
Finally, they were dried under a Class 100 laminar flow hood, weighed to the nearest 0.01 mg, and stored in plastic vials.
Tests of contamination from micromilling procedures
The micromilling procedure to isolate the otolith's core involves multiple steps (e.g., sectioning, embedding and milling) that increase the risk of contamination on trace elements.
A series of carefully designed experiments ( Fig. 2) were carried out on paired otoliths to test the magnitude of contamination from individual treatments and to examine the ability of the otolith decontamination procedure to remove surface contamination prior to instrumental analysis.
Test of otolith decontamination procedure
In this experiment, one otolith of each pair was deliberately contaminated by immersing in a multi-element solution that contained 1000 ng/mL (ppb) of Cu, Mn and Zn, and 10 ng/mL (ppb) of Al, Bi, Cd, Co, Ga, Mn, Ni, Pb and V. These levels were about two to three orders of magnitude higher than the expected concentrations of the metals in the otoliths.
After immersing for 2 min, the otoliths were removed from the solution, dried overnight and then experimentally decontaminated with 3% H 2 O 2 and 1% HNO 3 as described above.
Otoliths were then dissolved and analyzed for a suite of trace elements by ICP-MS. The levels of the metals from the contaminated otolith were compared to those from the second (control) otolith which received only the cleaning procedure. The results from this test permitted us to determine whether the experimental cleaning procedure is in fact removing surface contamination. This trial was conducted with 11 pairs of otoliths.
Test of contamination from sectioning and embedding
Micromill sampling of the core was achieved via first embedding the otolith in a resin, then sectioning and finally drilling the sectioned piece by a tungsten drill bit to extract the core. Embedding in epoxy glue was necessary to stabilize the otolith under the drill bit for precise operation, while sectioning was required to expose the area for drilling.
To determine the contamination from the metallurgical saw, blackfin tuna otoliths (n=7)
were without embedding held against a rotating saw so that a transverse cut was made halfway through the core section. This otolith was compared to its pair without decontaminating the control and sectioned otolith. The efficiency of the decontamination protocol to remove surface contamination from sawing was tested in a separate trial of blackfin tuna otoliths (n=7). In this case, both sectioned otolith and its pair (control) were decontaminated with 3% H 2 O 2 and 1% HNO 3 protocol.
To test the contamination from embedding process, juvenile blackfin tuna otoliths (n=7)
were partially embedded in epoxy resin; the other half was exposed to air. Once the resin completely hardened, the otoliths were displaced out of the resin block by drop-wise treatments with 10% HNO 3 . The elemental signals from these otoliths were compared with those from their pairs which had not been embedded. In this experiment, no post-treatment decontamination was feasible since the acid treatment to remove the embedded otolith out of the block resulted in dissolution of entire otolith.
Test of contamination from coring
First, the isolated core was compared to its pair without employing decontamination procedure. For another 7 pairs of otoliths, isolated core of the otolith and its pair were decontaminated as described above to determine if decontamination procedure was effective in removing the contaminants. In these tests, it was assumed that the segment isolated represented the entire growth history of the yearling blackfin tuna.
Elemental analysis of otolith samples
Elemental analysis of otolith samples was carried out by using a Perkin-Elmer Sciex Elan ® 5000 ICP-MS instrument (Norwalk, CT, USA) equipped with cross-flow nebulizer, a double-pass spray chamber, a quartz ICP torch, removable alumina injector, platinum sampler and skimmer cones, and single-channel mass flow controller. The instrument was tuned daily for highest sensitivity with optimum levels of oxides (CeO + /Ce + < 3%) and doubly charge ions (Ba ++ /Ba + < 2%) by a test solution containing 10 ng/mL of Ba, Ce, Mg, Rh and Pb. Solutions were introduced to the spectrometer by using a Perkin Elmer FIAS-400 unit equipped with a five port rotary flow injection valve. The operating conditions of the ICP-MS instruments are given in Table 1 .
Otolith dissolution procedure
For ICP-MS analysis, otolith pairs, each (right and left) were separately digested in 1 mL concentrated HNO 3 on a hot plate. The contents were heated to near dryness and then an additional 0.5 mL HNO 3 was added onto the residue to completely destroy organic components. The acidic solution was heated again to dryness to get rid of excess acid. Then, the residue was dissolved in 1 mL deionized water and heated to dryness similarly. This last step was repeated twice to eliminate the concentrated acid vapors. In the end, the residue was dissolved and diluted with 0.1% v/v HNO 3 (pH ~1.80) to 10 mL in acid washed 15-mL polypropylene test tubes. For quality control purpose, a fish otolith certified reference material (CRM No. 22) from the National Institute of Environmental Studies (NIES) of Japan was also dissolved similarly with the blackfin tuna otoliths. The CRM is prepared from sagittal otoliths of emperor snapper (Lutjanus sebae). Approximately 50-60 mg sample was first digested with 1 mL HNO 3 in a teflon beaker to near dryness followed by additional 1 mL HNO 3 . All evaporations and dilutions were made as for the blackfin tuna otoliths. For blanks, 1.5 mL HNO 3 was heated as for the otoliths and then diluted to 10 mL.
Preconcentration procedure
The main goal of this study was to examine the effects of micromilling procedures on elemental signals in otoliths, specifically those of Al, Cu, Mn, Ni, Pb and Zn that are highly prone to contamination issues from sampling protocols under ambient conditions. These elements are also present in fish otoliths at significantly lower concentrations than alkaline and alkaline earth elements, such as Ba, Mg, Na and Sr (Thresher, 1999; Arslan and Paulson, 2002; Arslan and Secor, 2005; Arai et al., 2007) . For accurate measurement, we opted for a preconcentration strategy to improve ICP-MS signals and to eliminate the interferences from the otolith calcium matrix. . Because the preconcentration column did not retain alkali and alkaline earth elements, Ba, Mg and Sr were not measured in this study.
The preconcentration procedure was described elsewhere (Arslan and Paulson 2002; Arslan and Secor 2005) . In brief, a minicolumn of Toyopearl AF-Chelate 650M (Tosohaas);
an iminodiacetate backbone chelating resin was used for the preconcentration. This resin forms metal-chelates with a suite of trace elements in a pH range from 4.9 to 9. The preconcentration column consisted of 1-cm long resin holder (85 µl inner volume) which was push-fit into 2-cm long outer body. The two ends were closed with trace element-free glass frits and then cleaned by passing 5% HNO 3 . The otolith solution acidified to 0.1% HNO 3 was mixed on-line with ammonium acetate/ammonium hydroxide buffer solution (pH 9.6) and loaded onto the column for 1 min at 3.2 mL/min by FIAS-400 system. The load pH was between pH 4.9 and 5.2 allowing the retention of the elements of interest on the column with minimum amounts of calcium. Lower end of pH range (pH 4.9 -9) was preferred as it minimized the retention of Ca in the column. The column was washed with deionized water to get rid of residual calcium and then the trace elements retained were transported to the ICP-MS spectrometer by passing 3% HNO 3 through the column. The elemental recoveries ranged between 88% for Ga and 102% for Pb and Zn based on the measurements with spiked otolith solution (Arslan and Paulson, 2002) . Internal standard ( 103 Rh) was added to the 3% HNO 3 eluent to correct for the effects of instrumental sensitivity changes on the ion signals.
Namely, the elemental signals were normalized to that of Rh. Manganese (Mn) was analyzed separately at pH of 8.2-8.5; therefore, the remaining solution in the test tube was diluted twofold (e.g., final acidity 0.05% HNO 3 ) and reanalyzed for Mn. Calibration standards were in 0.1% HNO 3 (0.05% for Mn).
Results
Analytical performance and elemental concentrations in blackfin tuna otoliths
For all elements of interest, concentrations were within the range of the values reported elsewhere ( Table 2 ; Fig. 3 ; Yoshinaga et al., 1999; Arslan and Paulson, 2002 were all above the concentrations of the elements in solutions of otolith CRM (Table 2 ) and blackfin tuna otoliths (Fig. 3A) . Replicate decontamination procedures between otolith pairs indicated a precision of measurement that ranged between 5 and 20% among elements (Fig.   3B ).
Otolith decontamination
Paired comparisons between control and treatment otoliths (deliberately contaminated, then cleaned) indicated that otoliths could be effectively decontaminated (Fig. 3B ).
Comparisons for blackfin showed insignificant differences (paired t-test; n=11 pairs; p>0.1)
for Al, Bi, Cd, Co, Mn, Ni, Pb, V, and Zn. Cu, levels in contaminated otoliths were higher as a result of deliberate contamination (mean=18.5 ng/g increase; p<0.001). Across all elements, paired differences did not differ significantly from zero (paired t-test; n=121; mean=7.96; ng g -1 ; p=0.41). Mean bias between replicate measures was as follows: Al=11%, Bi=15%, Cd=17%, Co=12%, Cu=10%, Ga=26%, Mn=11%, Ni=16%, Pb=14%, V=8% and Zn=6%.
Sectioning
The sectioning procedure caused significant contamination for Co and Cu (Fig. 4) .
Sectioned otoliths showed significantly higher Cu (paired t-test; n=7; mean=1716 ng g -1 ;
p<0.001), and marginally higher Co (paired t-test; n=7; mean=14.0 ng g -1 ; p<0.06). For other elements, differences in elemental concentrations for paired comparisons were less than 10%, with the exception of Pb (median=18%). The contamination on Co and Cu was effectively removed when sectioned otoliths were subsequently decontaminated (Fig. 4) . The imprecision between sectioned and control otoliths for these elements did not deviate significantly from zero (paired t-test; n=7; Co: mean=0.07 ng g -1 ; p=0.66; Cu: mean= -50.9 ng g -1 ; p=0.33). Only Mn deviated significantly (paired t-test; n=7; mean=23.9 ng g -1 ;
p=0.05), but the mean level of imprecision (9.8%) was within the level expected from replicate comparisons.
Embedding
Embedding contributed substantial contamination to otoliths for most trace elements analyzed. Significant differences were found between control and embedded pairs for Al, Cd, Co, Cu, Ga, Mn, Ni, Pb, and V (paired t-test; n=7; p<0.003; Fig. 5 ). Zn was marginally higher in embedded otoliths (p=0.09). Percent differences between elemental levels were substantial, particularly for Cd, Ni, Pb, and V (e.g., over 800% imprecision). Given the high level of contamination, a second trial was made under different conditions where dissolution of the otoliths from the plastic embedding medium was carried out by using dilute acid without applying heat. However, the results of this trial were not different from that of the first trial. Substantial contamination was found particularly on Al, Cd, Cu, Mn, Ni, Pb, and Zn.
Although we were able to establish the level of contamination due to embedding, it was not possible to test the effectiveness of the decontamination procedure following embedding.
The embedded portion of the otolith could not be removed without fusing the entire otolith since the peripheral regions of otoliths were infiltrated with the plastic embedding medium.
The embedding medium did not, however, fully infiltrate the otolith and thus the core region should not be affected by contamination. In this case, the effectiveness of the decontamination procedure could only be tested for the entire procedure (embedding, sectioning, and core removal) rather than the embedding step.
Coring
The coring procedure contributed substantial contamination to otoliths for most transition and heavy metals (Fig. 6 ). Significant differences occurred between control and cored pairs for Al, Cd, Co, Cu, Ni, Pb, and V (paired t-test; n=7; p<0.03). Zn was marginally higher in cored otoliths (p=0.06). Percent differences were substantial that ranged between 100 to 10,000% due to contamination. Despite high levels of contamination from the milling procedure, the decontamination procedure on otolith cores effectively removed the surface contamination (Fig. 6 ). Only Pb and Zn showed higher levels in the cored otolith than in the control whole otolith (paired t-test; n=7; p<0.03), though the levels of Zn and Pb were respectively reduced 6-and 8-fold through decontamination. The residual contamination on Pb following the cleaning procedure (~8 ng g -1 ) was substantially less than relevant concentrations (~20 to 100 ng g -1 ). Percent imprecision was considerably higher than duplicate imprecision levels (see Fig. 3 vs. Fig. 6 ), ranging over 30% for Al (31%), Cd (58%), Co (70%), Ga (76%), Pb (60%), V (35%), and Zn (37%). Thus, results suggest that coring introduced bias in addition to residual contamination. The most likely source of bias was how accurately the milled core volumetrically represented the whole otolith.
Discussion
Effects of micromilling procedures
Micromilling procedures are becoming more common in extracting otolith material from certain regions of fish otoliths (Hoie et al., 2004; Rooker and Secor, 2004; Hoie and Folkvord, 2006) . In most instances, material is rasterred as powder by the micro-mill. We opted not to raster otoliths, because the resulting powder would in no way be decontaminated. Instead, the core was isolated by milling a complete perimeter around the core region. The resultant core was then dislodged from the section and decontaminated as it would for a whole otolith. The aim of this study was two-fold: (1) to develop a method to accurately extract the otolith fraction corresponding to the first year of life, (2) to examine the effectiveness of the decontamination procedure to alleviate the contamination issues through all steps of the process. Our main finding is that micromilling procedures introduce significant contamination to otolith trace element composition. This is not surprising given the sub-ng/g levels of these elements in otoliths and the presence of especially more common elements like Al, Cu, Pb and Zn in chemicals and materials that surface contamination may occur even under clean conditions.
The sectioning procedure caused significant contamination on Co and Cu levels, while the embedding procedure resulted in contamination for nearly all transition and heavy metals analyzed (Al, Cd, Co, Cu, Ga, Mn, Ni, Pb, V, and Zn) (Fig. 4) . The combined sectioning, embedding and coring procedure also resulted in contamination for most elements (Fig. 6) .
Still, across all these procedural steps, the rigorous decontamination procedure with H 2 O 2 and HNO 3 effectively removed bias due to surface contamination with the exception of Pb and Zn (Fig. 6 ). Bias in Pb was small in comparison to overall concentration of Pb expected in fish otoliths, so its effect may be minor in discriminating individuals. Zn showed larger contamination which could limit its application in discriminating individuals at concentrations similar to those that are expected to occur in otoliths, Paired comparisons of whole and cored otoliths showed greater bias than that expected from replicate comparisons of whole otoliths (~20%), ranging over 30% for the majority of elements (Fig. 6) . Although there was no bias (e.g., under-or over-representation of elements in the core), the reduced precision was likely due to non-homogeneity of material in the otolith and the manner in which the micromill extracted the material of the first year of life. Due to the peculiar butterfly shape of scombrid otoliths in transverse cross-section, we could only consistently apply a method that sampled half of the otolith section corresponding to the first year of life (Fig. 1) . We sought to do this consistently with the aid of reference axes, but variations in the plane and thickness of the section and application of reference axes to the milling procedure would be expected to introduce some bias. Further, more fundamental bias may be introduced due to sampling only a portion (albeit a consistent portion) of the otolith volume corresponding to the first year of life.
Analytical merits of preconcentration ICP-MS for micromill sampling
The application of otolith microchemistry to discover natality depends upon a method that can isolate from adult otoliths the chemical composition associated with the first year.
Probe-based methods, such as laser ablation, micro-PIXE, and electron microprobe have the capability of measuring certain elements in very small regions of the otolith corresponding to the larval and juvenile periods, but none can measure all alkaline, transition, and heavy elements that can be measured by solution-based techniques (e.g., ICP-MS). Reproducibility and calibration are the major obstacles for laser ablation ICP-MS in otolith microchemistry despite the advances in technology (Hoffmann et al., 1997; Koch and Günther, 2007) .
Detection limits are typically between 0.05 and 0.5 µg/g, which are not sufficiently low to measure otolith transition and heavy metal composition accurately. Precision is ±10% at 1 µg/g and decreases to ±30% at 0.05 µg/g levels. Further, quantification of trace elements, such as Cd, Pb and Zn has been a persistent problem. These elements are extremely sensitive to any changes in laser and ICP operating conditions (Koch and Günther, 2007) (Newman, 1996) . In the analysis of otoliths of juvenile halibut by high resolution ICP-MS, for instance, instrumental results were sporadic for several trace elements, including Ag, Al, Cd, Co, Ni, Sn and Zn, due to the detection problems, therefore, these elements were not considered in statistical evaluations (Forrester and Swearer, 2002) .
Solution ICP-MS for stock identification using otolith microchemistry requires the dissolution of entire otolith, which results in the loss of the critical elemental information for the first year of life (nursery habitat) within the otolith's core. In this study, we opted for a different tack on this problem and developed a probe-based method -high resolution micromill sampling -a method that mechanically isolates otolith's core corresponding to the first year of life. A solid phase preconcentration procedure was interfaced to an ICP-MS instrument to enhance the sensitivity since high variability and inaccuracy in instrumental results for trace elements were mainly due to the lack of sensitivity as was observed in the past studies (Milton and Chenery, 2001; Forrester and Swearer, 2002 
